Introduction
While chemical assays merely a few decades ago overwhelmingly were implemented by the batch approach, precisely as they literally have been executed for centuries, the emphasis is nowadays shifted towards the use of automated, continuous-flow procedures in a miniaturized fashion. The first serious step was taken with the introduction of air-segmented flow systems ]: (i) the practical exploitation of bio-and chemiluminescence detection, the coupling of which to FI has been termed to constitute the "ideal marriage" because of the reproducible and accurate timing of sample processing in the microconduits of the flow network; (ii) the viable monitoring of short-lived, meta-stable constituents in lieu of the ultimately formed reaction products; (iii) the application of kinetic discrimination schemes as utilised, for instance, in hydride-generation protocols for metalloid species to minimize the interfering effects in the conventional batchwise procedures arising from the concomitant presence of transition metal ions; and (iv) the performance of sophisticated enzymatic assays aimed either on determining selected substrates or measuring enzyme activities, which by conventional means are rather cumbersome to facilitate, yet in FI are relatively simple to accomplish.
As a consequence of the growing environmental demands for reduced consumption of sample and reagent solutions and for the development of rugged analyzers aimed at environmental monitoring purposes with capabilities for multi-analyte determinations, the first generation of FI was in 1990 supplemented by the second generation, that is, sequential injection (SI) analysis [ 6 , 7 ] based on discontinuous programmed flow. And in 2000 it was extended by the third generation named the Lab-on-a-Valve (LOV) [ 8 ] , which was initially spawned as a fluidic universal system for downscaling reagent-based assays to the micro-and submicroliter level. Yet it has concurrently proven to offer vast potentials for accommodation of a wide variety of sample processing steps in a micro-scale according to the requirements of the assays.
The second generation of FI capitalizes on the exploitation of a multi-position selection valve, the central port of which via a holding coil is connected to a syringe pump operating as the liquid driver. Thus, through the central communication line and the valve's internal rotary conduit the syringe pump can be made to address each of the ports of the valve, from where precisely metered zones of individual fluids can be aspirated into the holding coil, in which they are stacked as plugs one after the other. Afterwards, the segments are propelled forward towards the detector, undergoing on their way dispersion and thereby partial mixing with each other, and hence promoting chemical reaction, the resulting composite zone being monitored downstream by a flow-through detector. Fully computer-controlled, the SI assembly implies substantial savings in regard to forward-flow FI set-ups, not only in consumables, but also inherently in waste generation which has become of special concern considering the increasing costs for waste disposal.
It is characteristic that the developments of the three generations of FI, resulting in miniaturization of the manifolds, were made by chemists, due to evolving demands. Either as dictated by practical considerations, such as reduction in consumption of expensive and/or rare reagents and limited sample volumes, or as required by the particular chemistries to be executed. Within the past decade, a number of research institutions, predominantly (but not exclusively) manned by electrical and mechanical engineers, have parallelly and intensively focused on miniaturisation of flow systems, which has resulted in the development of the socalled micro total analysis systems (µTAS) [ 9 ] , or as they lately have been termed Lab-on-a-
Chip. An example of such a microfluidic system is shown in Fig. 1 . The channel network, which is made by various sophisticated procedures, such as micro-drilling, etching, photolithography, or laser erasing, is impressively exact and reproducible, allowing different channels profiles to be obtained. In many instances it can be made in inexpensive materials, namely silicon, glass, polymethyl methacrylate and polydimethylsiloxane, and mass-produced at low cost, in fact, at much lower expenditures than the LOV. However, the microfluidic devices are usually dedicated, that is, they have fixed architecture for predetermined chemistries. Readers are referred to the following comprehensive reviews [ ] as well. Yet, to the best of the authors' knowledge the analytical features of the miniaturised chips have not been critically compared so far with those of the LOV assemblies. This review article is thus aimed at discussing the pros and cons of the LOV scheme vis-à-vis LOC microdevices, with particular reference to environmental chemical assays.
Peculiarities of the lab-on-valve microfluidic system
The LOV approach should be viewed as a judicious advance towards the automation of microfluidic handling of samples, alike in µSI networks, but within integrated microbore units.
The microconduit unit, made initially of Perspex, but more recently of hard polyvinylchloride, polyetheretherketone (PEEK) or polyetherimide (ULTEM) for improved chemical resistance to a wide range of organic solvents, is a single monolithic structure mounted atop of a six-port selection valve, as illustrated in Fig. 2 . Designed to incorporate all necessary laboratory facilities for a variety of analytical chemical assays, hence the name lab-on-a-valve, it is made to contain mixing points for sample and reagents; working channels for sample dilution, overlapping of zones and sample purification; and a multipurpose flow-through cell for realtime monitoring of the development of the chemical reactions [ 22 ] . In fact, the LOV unit is devised to incorporate detection facilities, that is, optical devices (namely, diode-array spectrophotometers, charged-coupled devices (CCDs), laser-induced spectrofluorimeters or luminometers) where the communication to the detector and/or the light source are made via optical fibres (see Fig. 3 ), and where the position of the fibres can be used to adjust the optical light path of the cell [8] . The microfabricated channel system is also amenable to admit conventional sized peripheral devices, thus facilitating the hyphenation with a plethora of modern detection techniques/analytical instruments, such as electrothermal atomic absorption . Since the entire protocol sequence is computer controlled, all fluidic unit operations are readily to be re-programmed according to the involved chemistry.
As a result, the micromachined unit is currently being advantageously used as a "front end" to execute appropriate sample pretreatments as demanded in environmental assays, such as matrix isolation, analyte preconcentration and derivatization reactions aimed at introducing the analyte optimally into the internal/external detection apparatus [22] .
Analytical capabilities of µTAS vis-à-vis LOV
While the dimensions of the channels in the µTAS microfluidic systems are wide-ranging but merely covering the span from depths of the order of 10-100 µm, the corresponding channel dimensions in the microfabricated LOV unit are typically ranging from 0.5 to 2.0 mm. When comparing these two devices, one may then ask, what is the crucial difference between the two systems? Intuitively, the response would be to point to the channel dimensions, as a consequence of the large size discrepancy, which amounts to 1-2 orders of magnitude. The downscaling of flow path in µTAS has undoubtedly revolutionized the volume requirements of (bio)chemical assays, leading to chips able to processing of samples within the nL to pL range, thus facilitating the implementation of single-molecule detection methods [ 42 ] .
According to the literature, trends within the bioanalytical field are directed to the on-line separation, selection and digestion of target proteins for further identification by mass spectrometry [20] . The handling of macromolecules in samples containing suspended cells or colloids is however getting increasingly troublesome as the microfabricated channels become narrower and longer as a result of channel clogging, surface contamination, sorption of target species (e.g., proteins) or creation of unpredictable surface potentials. On the other hand, turbid and particle containing samples, and even bead suspensions with particle sizes ∼ 50-100 µm, would not pose a problem in LOV microfluidic systems as a consequence of the relatively large bore conduits in the monolithic structure.
In the author's opinion, however, the crucial difference between both microfluidic systems is rather associated to the means for fluid motion within the microchannels, that is, the propelling device. Liquid manipulation in µTAS systems to a large extent has been based on electroosmotic or electrophoretic forces [ 43 , 44 ], which, in turn, set certain requirements on the chemical composition of the solutions handled, but also on surface tension or free transverse diffusion [15] . Although pressure driven flow is also applicable by implementation of micromechanical pumps within the microdevices, electroosmotic pumping has the inherent advantages to be pulse free, with no backpressure effects as occurring with integrated pumps and offers an extra degree of freedom as regards to improved miniaturization [21] .
On the other hand, fluid movement in LOV capitalizes on mechanically driven flow as precisely executed via an external microsyringe pump. Recent microchip devices are also amenable to piston pumps [ 45 ], yet the unrivalled feature of microfluidic handling via the µSI-LOV mode, as opposed to the conventional continuous-flow operating µTAS, is the application of flow programming based on bi-directional flow, but also, and not the least, on stopping-flow approaches, for all unit operations for any length of time completely at will. Thus, we are not being dictated by the custom-built system in order to implement our chemistries, but we are in LOV controlling the parameters in order to adapt the physical movements of the liquids to the chemistries to be implemented. This, very importantly, implies that we can intelligently exploit the interplay between thermodynamics and kinetics.
Said in other words, while we are in control of the fluidics, we can adapt them to the chemistry taking place, which, in turn, essentially gives us an extra degree of freedom. And this is of utmost relevance in executing different assays, especially if we are dealing with chemistries that are not fast or instantaneous, or even require stepwise reaction sequences. In . There is often, on one hand, no limitation as regards to the available volume of environmental sample as opposed to assays in the forensic, clinical and bioanalytical areas. On the other hand, the complexity of the environmental matrix and the low level concentrations of target pollutants to be continuously monitored, as endorsed by existing directives, call for sample processing steps prior to presentation of the species to the detector system that are currently regarded as the Achilles' Heel of the µTAS concept for direct analyses of real world samples. Not to forget that the downscaling of processed sample volumes to the low nL level might question the reliability of LOC results as a consequence of the lack of representativeness of the small sample in regard to the bulk medium.
In the following we will describe, via selected examples, the potential of the LOV scheme to tackle the abovementioned drawbacks of microflow structures while demonstrating their open-architecture via programmable flow to accommodate unique environmental analytical applications. Such applications are, in our opinion, not feasible to do, at least at the present stage, in µTAS, as a consequence of their inability to exploit kinetic measurements and discrimination schemes, and to handle complex sample pre-treatments.
Relevant features of µ-LOV devices

Versatile analytical standard operations
The analytical procedure for any chemical assay involves a sequence of operations that start with sample metering and progress, in the simplest case, to reagent additions, mixing, and a final detection step. Additional mandatory processes might comprise appropriate sample conditioning or multiple-step derivatization reactions. The ultimate aim of any microfluidic system is the automated performance of these operations reliably, countless times, in a reproducible fashion, while sample cross contamination should be kept negligible.
In continuous-flow based manifolds, such as FI, the accommodation of different analytical protocols is accomplished via the physical arrangement of individual components, such as valves, mixing points, reaction coils. Yet, changing of any flow component in dedicated, microfabricated chips entails the complete redesign of the microchannel manifold.
The lab-on-valve manifold, however, uses a universal hardware configuration for all analyses, thus merely requiring changes in the software protocol, and the components (e.g., reagents, external modules/detectors) can be accessed randomly via appropriate computer control. Actually, the individual unit operations are in LOV clustered around the selection valve [ 53 ] , and the sample zone is transported from one unit operation to the next one to implement the desired analytical methodology as described below.
4.1.1-Sample injection
To introduce minute but reproducible sample volumes into a microfluidic device, diverse The LOV microfluidic unit, however, offers a universal means for sample introduction as a result of its singular hardware configuration [8] . The central processing unit in the LOV monolithic structure has been designed to house a flow-through port (see port 5 in Figures 2   and 3 ), where one channel serves as the sample solution inlet while the other channel works as the sample outlet, which is plugged to an ancillary peristaltic pump. Sample injection is effected by directing the central communication channel of the multiposition valve to the flow-through port followed by precise reverse motion of the syringe pump. The peristaltic pump permits the sample conduit to be thoroughly washed between standards and samples of different concentrations concurrently with the execution of the analytical procedure, thus preventing carryover effects whilst assisting in increasing the sample throughput as compared with µTAS. In the latter, the time needed for chip conditioning after the (bio)chemical assay should be taken into consideration as being frequently the limiting step of the overall analytical procedure. Sample consumption in LOV is greatly reduced via time-controlled activation of the peristaltic pump.
When dealing with multi-analyte determinations via on-chip capillary electrophoresis separation and further on-line detection, the programmable µSI protocols are able to control the entire suite of the system's peripherals, namely syringe pump, power supply and isolation valve [32] , to conduct automatically, upon desire, various types of sample injections including electrokinetic injection, hydrodynamic injection and head column field amplification sample stacking injection [31] .
Though originally conceived for liquid-phase assays, the direct introduction and treatment of solid samples of environmental and agricultural origin plus processing of resulting extracts might be also accomplished in an automated fashion via LOV microfluidic operations as recently demonstrated in the development of flow-through, dynamic fractionation schemes for solid substrates as contained in dedicated microcolumns embodied to the microflow assembly ]. In contrast, there are limited applications for microfluidic LOC devices in analysing soil matrices owing to the inherent complexity of sample introduction and the requirement of pre-treatment protocols prior to on-chip analyte detection.
4.1.2-Sample processing
The most severe limitation of microfluidic devices for environmental surveillance is the hindrance in handling complex matrices as a consequence of channel clogging when introducing suspended particles. The immediate consequence is that LOC systems cannot readily admit micro-scale solid-phase extraction (µSPE) protocols for on-line processing of complex matrices containing trace level concentrations of target compounds.
The LOV concept has emerged as a convenient front end to facilitate automated µSPE procedures, which yield high concentration factors and minimum consumption of organic solvents [24, 57 ]. Alternatively, both precipitates and co-precipitates generated on-line might be conveniently handled within the LOV microchannels and preconcentrated by chemical and/or physical immobilization onto sorbent reactors [28, 58 ]. In conventional FI column preconcentration systems the sorbent-packed column is employed as an integral component of the flow network which hinders reliable long-term unattended operations as a result of the progressive tighter packing of the sorbent bed, cross contamination effects and the malfunction of the reactive surfaces due to the leakage of sorbent moieties and/or irreversible sorption of matrix ingredients. The aforementioned drawbacks can be alleviated by adapting the concept of renewable surfaces described above where the on-line packed microcolumns are renewed after each analytical cycle. Readers are referred to the following critical review papers for an in-depth description of the potential of LOV bead-injection microsystems for monitoring of trace metal concentrations in environmentally relevant matrices [22, 34, 59 ]. Miniaturization of assays based on generation of hydrides or volatile species linked to the advent of miniaturized spectrometers, such as plasma on a chip, has led to the integration of gas-liquid separators; e.g., the Venturi and gas-expansion separators, within the LOV module for conferring a portable analyzer encompassing on-line sample processing [25] . In addition to the benefits of chemical vapour generation -embracing the separation of analytes from complex matrices, analyte enrichment, and fast reaction speed -and those of miniaturization via µSI-LOV programmable flow, rendering decreased sample and reducing reagent consumption, interfering effects from transition metals ions can to a large extent be reduced by judicious exploitation of kinetic discrimination schemes, that is, even subtle differences in the reaction rates of occurring chemical reactions may be used for analytical purposes [5] .
Because of the precisely-controlled hydrodynamic conditions in the flow network and short residence time of the sample plug within the system, possible side reactions can be kinetically discriminated at the expense of the main reaction for evolving gaseous species [29] . 
4.1.3-Fluid handling
The key to downscaling in LOV is the replacement of continuous flow from LOC microdevices by programmable flow, which will move both liquids and gases when and where they are needed in a user-friendly fashion, by stopping, reversing and accelerating flow rates. Though it would ostensibly seem that the permanent rigid position of the flow path and confluences in the LOV monolith, alike dedicated microchips, detract from flexible microfluidic manipulations, the microbore unit is amenable to execute any desired unit operation at will by selecting the amplitude of the flow reversal in the holding coil, and most importantly, by random access to the desired peripheral modules or detection devices. Thus, for example, controllable dispersion of the sample zone, leading to a wider dynamic linear range, is readily achieved by programming forward-backward flow protocols of the stacked sample and carrier plugs in the holding coil . To increase the sensitivity for kinetically slow reactions, the overlapped reagent/sample zones can be monitored by adopting the stopped-flow approach, the effectiveness of which has been illustrated in the LOV determination of orthophosphate at the low ng/ml level in surface waters [76] .
Regarding the separation and preconcentration of trace levels of metal ions by adsorption on reversed-phase sorbent materials following on-line dynamic derivatization, it was found that in many instances a certain delay time had to be implemented, giving the reaction sufficient time to generate the complex, which then, in turn, could be adsorbed on the solidphase bead material [ 78 ] . For the very same reason, an LOV-manifold such as the one shown in Fig. 4 was used, where an external reaction coil (RC) is attached to one of the peripheral ports of the valve. Briefly, the aspirated sample is initially merged with a chelating reagent and guided to RC where the generation of a non-charged complex takes place, whereupon the reaction product, following backward aspiration, is exposed to the bead material.
Subsequently, the metal chelate is eluted with a well-defined plug of a water-miscible alcohol, and then transferred to the atomic spectrometer for quantification. In this unit operation, it is frequently observed that the dynamic elution seldom renders quantitative stripping of the retained analyte, but this is readily amended by incorporating a user-defined stopped-flow period of the eluent within the renewable packed column reactor [33, 78] . Thus, by appropriate programming of the method operandi, it is feasible to adapt the miniaturised flow system to the requirements of the chemistry with no further hindrance.
The use of an external RC for conducting a necessary chemical operation was also recently reported for the speciation analysis of Cr(III) and Cr(VI) at trace levels using a single . The on-line reduction was effected by on-line merging of the sample zone with hydroxylamine, yet although this was the optimal reagent of a series of reductants assessed, e.g., ascorbic acid and hydrogen sulfite, it reacted rather slowly, requiring around 4 min for accomplishment of an acceptable reduction yield. Yet, as the detector used was ETAAS, this delay time did not impair the sample throughput, because while the Cr(VI) contained in an aspirated aliquot of sample was reduced to Cr(III) as effected in the external RC via the stopped-flow approach, the indigenous Cr(III) could, after preconcentration on the beads and separation from the matrix constituents and subsequent elution, be determined through the ca. 4 min long temperature program of the graphite atomizer. When the measurement was completed, the reduced sample was ready to be subjected to the same treatment, and the total Cr-content quantified. Again, by playing on the proper timing, all reactions could be individually optimized, and the analytical protocol cycle greatly accelerated, regardless of the type of reagent-based assay [ 80 ] . Alternatively, and taking into account the different nature of both oxidation states, selective sorptive preconcentration of both Cr(III) and Cr(VI) might be accomplished by packing two of the micromachined channels with chelating and anion-exchange beads, respectively.
In contrast to microchip devices that are typically furnished with integrated pumps and valves, the LOV unit is amenable to any desired flowing stream approach for fluid handling.
Though it has been extensively linked to µSI, it should be born in mind that this marriage, whenever utilized for bead-injection analysis, lacks flexibility for on-line manipulation of the eluate following µSPE within the valve microconduits. As to on-column extraction schemes . In this context, the multisyringe flow injection (MSFI) analysis approach [48, 49] , combining the advantages of multichannel operation for convenient processing of the eluate, pulseless flow, and the accurate metering of microvolumes of solutions via multicommutation protocols, has proven an appealing alternative to µSI for accommodation of LOV methods requiring the processing of the eluate prior to detection [29, 33] . Hybrid µFI-SI analyzers composed of two or more individually-operating syringe pumps are also reported to constitute a versatile means to house LOV procedures [24, 28] . The simultaneous rather than sequential time-based propelling of sample and reagent segments improves zone overlapping as compared to conventional µSI systems relying on axial controlled dispersion [79, 83 ].
Based on merging the propelling channels of the various liquid drivers at affixed confluence points, the hybrid microflow systems are superb for on-line sample conditioning (e.g., pH adjustment) prior to further sample processing in the LOV module [24] . Not only for satisfying maximum reaction yields, but also for preventing time-dependent interconversion between oxidation states of target species, that might have occurred whenever performing the assay in a batch fashion [ 84 ] . For example, the reduction of Cr(VI) to Cr(III) in natural waters by dissolved organic matter is known to be catalyzed by the presence of oxonium ions, that, however, are required for analyte derivatization whenever exploiting the 1,5-diphenylcarbazide (DPC) chemistry [60] . Yet, the reaction in acidic media is rather slow, and therefore it can be neglected by on-line acidification of the sample immediately prior to its exposure to the DPC reagent.
4.1.4-Detection
The two main on-chip detection schemes employed in microfluidic systems for environmental monitoring are electrochemistry and spectrophotometry. Custom-built electrodes are straightforwardly implemented into microchip systems to provide simple, low powdered, cost effective detection methods exploiting amperometry, voltammetry, coulometry or conductometry [21] . Particularly remarkable is the contactless conductometric detection utilising external electrodes that simplifies the construction of the microchip whilst preventing electrode fouling. Electrochemical detection has been mostly coupled to on-chip capillary electrophoresis separations [10, 11] . The separation channel is fully integrated within the microfluidic device, the rigid architecture of the chip being merely suitable for dedicated, user-defined applications. In contrast, the capillary and detector in the LOV system are not integral parts of the microflow structure, but peripheral components of the manifold [31, 32] .
The µSI fluidic handling system might even be programmed for the preparation, conditioning and reactivation of the capillary, fast electrolyte exchange and automated sample injection by electric field and /or by pressure, thus again denoting the versatility of the monolithic module for implementing unit operations upon demand. The LOV module might also be designed to work as a flow-through potentiometric or voltammetric cell by inserting all-solid-state electrodes into the valve ports for both dynamic and static measurements Although the development of a wide range of intense light-emitting diodes that can be coupled to fiber optics has enabled the integration of spectrophotometers within microfluidic devices, on-chip spectrophotometric detection lacks sensitivity for trace level analysis as a consequence of the processing of sample volumes at the low nL or pL level and miniscule channel dimensions which render optical path lengths < 1mm [21, 51] . On the other hand, the multipurpose LOV flow-through cell furnished with optical fibers admits larger sample volumes, the application of on-column sorptive preconcentration/detection (bead-injection spectroscopy) protocols and is to be readily configured for absorbance, fluorescence or reflectance measurements by manual positioning of the outlet fiber [8, 87 , 88 ]. A singular asset of the flow-through cell is that the optical path length is not affixed to a particular value rather it can be extended, according to the needs of the assays, up to 10 mm by tailoring the liquid gap between both optical fibers. Chemiluminescence detection has also been described by employing newly designed LOV microsystems hyphenated to Z-type flow cells [77] .
Notwithstanding the discontinuous-flow nature of µSI-LOV analysis, there is no limitation for hyphenation to either continuously or discontinuously operating external atomic absorption spectrometers, including flame atomic absorption spectrometry, inductively coupled plasmaatomic emission spectrometry, inductively coupled plasma-mass spectrometry, atomicfluorescence spectrometry, and graphite furnace atomic absorption spectrometry as well, via appropriate interfaces, for detection of trace metals and metalloids following in-valve pretreatment and/or on-line derivatization reactions [22, 34] . Figures of merit of relevant LOVbased microfluidic methods for environmental applications, including detection system, analyte(s) type, environmental matrix, dynamic linear range, detection limit, precision and the potential utilisation of on-line sample processing protocols are compiled in Table 1 .
Concluding remarks
In this article, the microfluidic handling capabilities of LOV systems aimed at the implementation of unit operations have been critically compared with those of LOC microdevices for environmental assays. It is well recognized that the microchip technology is to date unable to satisfy the current demands as regards to micropollutant monitoring. The most severe limitations arise from the introduction of environmental matrices, the small sample volumes processed, the forward-flow pumping of solutions within the microchannels, the matrix interferences and the high limits of detection obtained. And, not the least, the lack of being able to exploit the interplay between thermodynamics and kinetics of the chemical reactions taking place.
Despite the attempts for conducting on-chip sample pre-treatments, it is evident that there is a need for an efficient interface between real-life samples and the microfluidic device.
Actually, the world-to-chip dilemma might be readily resolved as discussed in the bulk text by utilizing the LOV microsystem as a front-end to microchips. In flow-through LOV analyzers there is no restriction as to the handling of aqueous solutions, particle-containing matrices or solid samples via in-valve sample processing operations and/or the implementation of external modules. Larger sample volumes/amounts may be processed in a bi-directional flow fashion that facilitates the mixing with reagent zones for chemical derivatization reactions, while ensuring sample representativeness. And micro-scale SPE with renewable surfaces has been extensively used (see Table 1 ) for isolation of target analytes from matrix ingredients with concomitant sorptive preconcentration onto the bead material. Overcoming the irreversible retention of the analyte by dissolution of both the reagent and complexed metal2)On-line pH adjustment to prevent interconversion between oxidation states [60] 
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